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Abstract: We study, within an effective approach, the phenomenology of a charged
W ′ vector which transforms as an isosinglet under the Standard Model gauge group. We
discuss bounds from present data, finding that these are quite weak for suitable choices
of the right-handed quark mixing matrix. Then we study the resonant production at
the early LHC of such a weakly constrained W ′. We start discussing the reach in the
dijet final state, which is one of the channels where the first W ′ signal would most likely
appear, and then we analyse prospects for the more challenging discovery of W ′ decays
into Wγ and WZ. We show in particular that the former can be used to gain insight
on the possibly composite nature of the resonance.
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1 Introduction and theoretical motivations
Heavy spin-1 resonances are a generic prediction of many Beyond-the-Standard Model
(BSM) theories. The most frequently discussed case is that of new gauge bosons as-
sociated with extensions of the SM gauge group. While neutral states, known in the
literature as Z ′ [1–4], can be introduced by simply adding an extra U(1) factor to the
SM gauge group GSM = SU(3)C × SU(2)L × U(1)Y , electrically charged states need a
non-Abelian extension of the SM gauge symmetry. Some well-known examples of such
extensions are those appearing in grand unified theories, including Left-Right (LR)
models, in Little Higgs models, and in models where the Higgs is a pseudo-Goldstone
boson arising from the spontaneous breaking of an extended global symmetry. A W ′
can also appear as a Kaluza-Klein excitation of the W in theories with extra dimensions.
On the other hand, there is also the interesting possibility that such heavy spin-1
particles are composite states, bound by a new strong interaction responsible for Elec-
troWeak Symmetry Breaking (EWSB). The most convenient approach in the discussion
of the LHC reach on such composite resonances is to write the most general effective
Lagrangian describing interactions of the new state with the SM fields and invariant
under GSM (see, e.g., Refs. [5–7]). Once the representation in which the extra state
transforms is specified, the Lagrangian is fully determined by a set of free parameters,
namely the mass of the heavy state and its couplings to the SM particles. A specific
gauge model, in which the vector is the gauge boson associated with the gauging of
some extra symmetry, can then be recovered by taking some special values of these free
parameters.
We apply an effective approach to study the early LHC phenomenology of a W ′
transforming in the representation
(1,1)1 (1.1)
of GSM, where the notation (SU(3)c, SU(2)L)Y has been adopted. A similar approach
has been employed by the authors of Ref. [8], where however the focus was on computing
constraints from electroweak data. In Ref. [8], bounds from ElectroWeak Precision Tests
(EWPT) were discussed for all the irreducible representations of the SM gauge group
which can have linear and renormalizable couplings to SM fields. There it was shown
that the only such representations containing a color-singlet W ′ (for a study of colored
resonances at the early LHC, see Ref. [7]) coupled to the SM fermions, in addition to
that in Eq. (1.1), are (1,3)0 and (1,2)−3/2. The (1,2)−3/2 multiplet does not have any
renormalizable coupling to quarks or gluons, and as a consequence its production at
the LHC would be very suppressed: therefore, we do not discuss it any further in the
present work. Our choice to discuss the representation (1,1)1 is motivated by the fact
that in this case we can add to the SM only a charged resonance, without any associated
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neutral state. This is in contrast with the other representation commonly obtained in
specific models, namely the SU(2)L triplet (1,3)0. In the latter case, the W
′ and Z ′
masses are degenerate, apart from electroweak scale corrections, and as a result the
strong bounds from neutral currents (including LEP2 data on four-fermion operators)
apply also to the W ′, pushing its mass well into the TeV range (and thus out of the
LHC reach in its first run) unless its couplings to leptons are very small. On the other
hand, a W ′ transforming as (1,1)1, because its only couplings to leptons arise through
W -W ′ mixing and are therefore strongly suppressed1, is only constrained by hadronic
processes (except for the oblique T parameter). As we will discuss later, if particular
forms for the right-handed quark mixing matrix are chosen as to evade constraints
from ∆F = 2 transitions, the coupling of the W ′ to quarks is only constrained by
Tevatron direct searches, and therefore it can be sizable, without violating any existing
constraint, even for a W ′ mass below one TeV, making a discovery of the resonance at
the early LHC possible. Furthermore, as discussed in Refs. [9, 10], in Left-Right (LR)
models, which give a (1,1)1 charged state after LR symmetry breaking, the splitting
between the masses of the W ′ and Z ′ (with the latter being a singlet under GSM) can
be large, without violating EWPT constraints, if one takes gX  gR, where gX and
gR are the couplings of the Abelian factor and of SU(2)R, respectively. Also assigning
the Higgs responsible for SU(2)R × U(1)X → U(1)Y breaking to a higher dimensional
representation (for example, introducing a SU(2)R triplet Higgs) can help in increasing
the mass splitting between the W ′ and Z ′. If such splitting is large enough, constraints
from the Z ′ can be made negligible, and one can study the phenomenology of the
W ′ using an effective theory for a (1,1)1 state. Another example of a construction
where the W ′ we consider arises is the Littlest Higgs with custodial symmetry [11]
(incidentally, we remark that several Little Higgs models contain in the spectrum a
spin-1 SU(2)L triplet). While these provide specific examples of W
′ that are described
by the effective theory we consider, the interest of our approach goes much further, as
it encompasses any composite state, whose properties could depart significantly from
those of the gauge boson of a minimal non-abelian extension of GSM. We also note that
a W ′ with flavor-violating couplings to quarks has been invoked as an explanation of
the anomaly in the top pair forward-backward asymmetry observed by CDF: we briefly
comment on how such a W ′ is described by our framework in Section 3. Composite
vectors are usually considered in Higgsless models or in models where the Higgs is a
composite state, where they have been shown to play an important role in keeping
perturbative unitarity in the longitudinal WW scattering up to the cut-off [12, 13].
1Since we only consider the SM field content, we do not include right-handed neutrinos; or, equiv-
alently for our purposes, we assume them to be heavier than the W ′, so that the decay W ′ → `Rν`R is
forbidden.
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The LHC phenomenology of these composite states is discussed, e.g., in Refs. [14–20].
We discuss the prospects of the early LHC to discover the W ′ in the dijet chan-
nel, which, together with the tb final state [21], is the main avenue to look for the
‘leptophobic’ W ′ we are considering. A particularly striking difference between gauge
models and the effective theory we consider is the presence in the latter case of a sizable
W ′Wγ interaction, which is very suppressed if the W ′ is a fundamental gauge boson.
As a consequence, observation of the W ′ → Wγ decay at the LHC would be a hint
of the compositeness of the resonance. In this light, we discuss the LHC prospects for
discovery of the W ′ → Wγ decay. We also present the prospects for observing the
W ′ → WZ decay at the early LHC, and compare the reach in this channel to that
in the Wγ final state. For previous relevant work on the phenomenology of a W ′ at
the LHC, see Refs. [10, 22–24]. In Ref. [10], the early LHC reach on two simple W ′
models was discussed. Our work differs from the discussion of a right-handed W ′ in
Ref. [10] in two ways: firstly, as already detailed above we adopt an effective approach,
without relying on any specific model; secondly, we make the ‘pessimistic’ assumption
that the decay of W ′ into right-handed neutrinos, which was studied in Ref. [10] (see
also Ref. [24]), be kinematically closed, and discuss the reach in the dijet and diboson
final states.
Our paper is organized as follows: after introducing the effective Lagrangian in
Section 2, we discuss bounds on the parameter space of the model coming from elec-
troweak and low-energy data in Section 3, and from Tevatron searches in Section 4.
Section 5 is devoted to the study of the early LHC reach on the W ′ we are discussing:
in Section 5.1 we present results for the dijet final state, in Section 5.2 we study the
W ′ → Wγ channel and we discuss how it could be used to obtain information on the
theoretical nature of the resonance; the complementary search for W ′ → WZ is dis-
cussed in Section 5.3. Finally, we present our conclusions in Section 6. Appendix A
contains the partial decay widths of the W ′, whereas in App. B the effective Lagrangian
for a W ′ transforming as an SU(2)L triplet is given for completeness. In App. C we
set the notation for the most economic gauge extensions of the SM containing either
an iso-singlet or an iso-triplet W ′.
2 ‘Model independent’ approach
We consider, in addition to the SM field content, a complex spin-1 state transforming as
a singlet under color and weak isospin, and with hypercharge equal to unity, according
to Eq. (1.1). The extra vector is therefore electrically charged, with unit charge (we
adopt a normalization for the hypercharge such that the electric charge is Q = T3L+Y ,
where T3L is the third component of the weak isospin). We do not make any assumption
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on the theoretical origin of the extra state, and in particular we do not assume it to be a
gauge boson associated with an extended gauge symmetry. Taking a model-independent
approach, we write down all the renormalizable interactions between the new vector
and the SM fields which are allowed by the SU(3)c×SU(2)L×U(1)Y gauge symmetry.
Higher-Dimensional Operators (HDO) would be suppressed with respect to renormal-
izable ones by the cut-off of the theory; we neglect them in our analysis. We expect
HDO to give corrections roughly of order M2W ′/Λ
2 to our results: in Section 5.2 we
show that the cut-off always satisfies Λ & 5MW ′ , so we can conservatively estimate our
results to hold up to 10 percent corrections due to HDO. Within this framework, we
write down the Lagrangian
L = LSM + LV + LV−SM , (2.1)
where LSM is the SM Lagrangian, and2
LV =DµV −ν DνV +µ −DµV −ν DµV +ν + M˜2V +µV −µ
+
g24
2
|H|2V +µV −µ − igBBµνV +µ V −ν , (2.2)
LV−SM =V +µ
(
igHH
†(DµH˜) +
gq√
2
(VR)ijuiRγµd
j
R
)
+ h.c. , (2.3)
where we have denoted the extra state with V ±µ , and have defined H˜ ≡ iσ2H∗. We
remark that we have not introduced right-handed neutrinos, in order to avoid making
any further assumptions about the underlying model. The coupling of Vµ to left-handed
fermionic currents is forbidden by gauge invariance. The covariant derivative is referred
to the SM gauge group: for a generic field X , neglecting colour we have
DµX = ∂µX − igT aWˆ aµX − ig′Y BµX , (2.4)
where T a are the generators of the SU(2)L representation where X lives, and we have
denoted the SU(2)L gauge bosons with a hat, to make explicit that they are gauge
(and not mass) eigenstates. In fact, upon electroweak symmetry breaking the coupling
gH generates a mass mixing between Wˆ
±
µ and V
±
µ . This mixing is rotated away by
introducing mass eigenstates(
W+µ
W ′+µ
)
=
(
cos θˆ sin θˆ
− sin θˆ cos θˆ
)(
Wˆ+µ
V +µ
)
. (2.5)
2To be general, we should also include the operators V +µ V
+µV −ν V
−ν and V +µ V
−µV +ν V
−ν ; however,
these operators only contribute to quartic interactions of vectors and can thus be neglected for the
scope of this study. On the other hand, a cubic self-interaction of Vµ is forbidden by gauge invariance.
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The expression of the mixing angle is
tan(2θˆ) =
2∆2
m2
Wˆ
−M2 , (2.6)
where
m2
Wˆ
=
g2v2
4
, ∆2 =
gHgv
2
2
√
2
, M2 = M˜2 +
g24v
2
4
. (2.7)
We denote with v ≈ 246 GeV the SM Higgs vev. We assume that Eq. (2.1) is written in
the mass eigenstate basis for fermions. We have written the heavy vector mass explic-
itly: the details of the mass generation mechanism will not affect our phenomenological
study, as long as additional degrees of freedom possibly associated with such mecha-
nism are heavy enough. We assume that the standard redefinition of the phases of the
quark fields has already been done in LSM , thus leaving only one CP-violating phase
in the Cabibbo–Kobayashi–Maskawa (CKM) mixing matrix VCKM . The right-handed
mixing matrix VR does not need to be unitary in the framework we adopt here: it is
in general a complex 3 × 3 matrix. This is a relevant difference with respect to LR
models, where VR must be unitary, as a consequence of the gauging of SU(2)R. We
normalize gq in such a way that | det(VR)| = 1 (a generalization of this condition can
be applied if VR has determinant zero).
In the mass eigenstate basis both for spin-1/2 and spin-1 fields, the charged current
interactions for quarks read:
Lqcc = W+µ ui (γµvij + γµγ5aij) dj +W ′+µ ui
(
γµv′ij + γ
µγ5a
′
ij
)
dj + h.c. , (2.8)
where ui, dj are Dirac fermions, and the couplings have the expressions
vij =
1
2
√
2
(
gq sin θˆ(VR)ij + g cos θˆ(VCKM)ij
)
,
aij =
1
2
√
2
(
gq sin θˆ(VR)ij − g cos θˆ(VCKM)ij
)
,
v′ij =
1
2
√
2
(
gq cos θˆ(VR)ij − g sin θˆ(VCKM)ij
)
,
a′ij =
1
2
√
2
(
gq cos θˆ(VR)ij + g sin θˆ(VCKM)ij
)
.
We note that in general, gH is a complex parameter: for example, it is complex in LR
models, see Eq. (2.11). However, the transformation gH → gHe−iα (with α an arbitrary
phase) on the Lagrangian (2.1) only results, after diagonalization of W -W ′ mixing, in
VR → eiαVR, therefore its effects are negligible for our scopes. Thus for simplicity we
take gH to be real. The charged current interactions for leptons have the form
L`cc = W+µ cos θˆ
g√
2
νiLγ
µeiL −W ′+µ sin θˆ
g√
2
νiLγ
µeiL . (2.9)
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The trilinear couplings involving the W ′, the W and the Higgs and the W ′ and two
SM gauge bosons read
LW ′Wh =
[
− 1
2
g2vh sin θˆ cos θˆ +
gHg√
2
vh(cos2 θˆ − sin2 θˆ) + g
2
4
2
hv sin θˆ cos θˆ
]
× (W+µW ′ −µ +W−µW ′+µ ) , (2.10a)
LW ′Wγ = −i e(cB + 1) sin θˆ cos θˆFµν(W+µW ′ − ν +W ′+µW− ν) , (2.10b)
LW ′WZ = i sin θˆ cos θˆ
[
(g cos θw + g
′ sin θw)(W−µW ′+νµ +W
′ −µW+νµ −W ′+µW−νµ
−W+µW ′ −νµ )Zν − (g cos θw − g′ sin θwcB)
(
W+µW ′ − ν +W ′+µW− ν
)
Zµν
]
,
(2.10c)
where θw is the weak mixing angle. Partial widths for decays into two-body final states
are collected in App. A.
In summary, in addition to the W ′ mass, 4 couplings appear in our phenomeno-
logical Lagrangian: gq, gH (or equivalently the mixing angle θˆ), gB and g4. We find it
useful to normalize gB to the SM hypercharge coupling, so we will refer to cB ≡ gB/g′
in what follows. Our phenomenological Lagrangian describes the low energy limit of a
LR model3 for the following values of the parameters (see App. C):
g = gL , g
′ =
gXgR√
g2X + g
2
R
, gq = gR , gH = −2
√
2gR
kk′e−iα1
v2
,
cB = −1 , g24 = 2g2R
k2 + k′ 2
v2
, M˜2 =
g2Rv
2
R
4
, v2 = 2(k2 + k′ 2) .
(2.11)
3 Indirect bounds
In this section we discuss indirect bounds on the couplings: gq is mainly constrained by
K and B meson mixings, i.e. ∆F = 2 transitions (as we discuss in the next paragraph,
the bounds are however strongly dependent on the structure of the right-handed mixing
matrix VR), while θˆ is constrained by EWPT and by u→ d and u→ s transitions. The
coupling gB is weakly constrained by Trilinear Gauge Couplings (TGC) measured at
LEP, while g4 is essentially unconstrained and marginal in our analysis (it only affects,
and in a subleading way, the partial width for the decay W ′ → Wh).
3Here we are assuming the Z ′ to be sufficiently heavier than the W ′, and we are neglecting effects
coming from a different scalar spectrum.
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3.1 Bounds on the coupling to quarks gq from ∆F = 2 processes
The heavy charged vector we are considering, being coupled to right-handed quark
currents, contributes in general to the KL-KS mass difference via box diagrams. The
experimental determination of ∆mK thus gives a constraint on the mass MW ′ and
on the coupling of the W ′ to quarks gq; however, the bound has evidently a strong
dependence on the assumed form for the right-handed quark mixing matrix VR (we
remark that VR does not need to be unitary in our effective approach). It was shown
in Ref. [25] that for some special choices of VR the constraint is weakened significantly
(notice that the discussion of Ref. [25] was performed in the context of LR models, so
unitarity of VR was assumed). We choose for our phenomenological analysis the least
constrained of these special forms, namely
|VR| = 1 , (3.1)
for which the bound reads at 90% CL [25]
MW ′ >
gq
g
300 GeV . (3.2)
We note that in specific models, the bound can be much stronger: for example, if a
discrete symmetry (P or C) relating the left and right sectors is imposed in LR models,
then the bound reads approximately MW ′ > (2 – 3) TeV (see, e.g., Refs. [26, 27]). This
happens because the discrete symmetry forces VR to be close to VCKM , implying a
mixing of the order of the Cabibbo angle between the first two generations.
While mixing among the first two families is strongly constrained by KL-KS data,
we could consider the case where significant mixing between the first and third, or
between the second and third families is present; we should accordingly take into ac-
count the constraints from B meson physics, as discussed in Ref. [28], where constraints
on the elements of the right-handed mixing matrix from b → sγ and from B0d,s-B
0
d,s
mixing were analysed in the context of a LR model. However, this goes beyond the
scope of our work, so we simply take the form (3.1), which automatically satisfies the
constraints from B meson mixing. The corresponding upper bound from K mixing,
Eq. (3.2), is negligible with respect to the constraints coming from Tevatron direct
searches (see Section 4). Also notice that, as discussed in Ref. [25], this bound still
holds if each (VR)ij is varied of  = 0.01 from its central value, so that extreme fine
tuning is avoided. For a study of the LHC phenomenology of a LR model with large
off-diagonal VR elements, see Ref. [22].
3.1.1 Flavor-violating W ′ as an explanation of the top AFB puzzle
The ‘anomaly’ observed by CDF in the forward-backward asymmetry of top pairs
has recently drawn a lot of attention. The most recent measurement of AttFB found
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a discrepancy of around 2σ with respect to the SM prediction [29]; furthermore, the
asymmetry is observed to be larger in the region of large invariant mass of the tt pair,
and in the region of large rapidity difference |yt − yt|. The t-channel exchange of a W ′
that only couples to t and d quarks was suggested in Ref. [30] as a possible explanation
of the anomaly, and in Refs. [31, 32] it was shown that the observed asymmetry can
be reproduced with the introduction of a right-handed W ′ with mass in the range
200 – 600 GeV, and coupling W ′-t-d of magnitude 0.85 – 2.1. Similar values were chosen
in Refs. [33, 34]. Such W ′ is described by our framework, where the right-handed
mixing matrix does not need to be unitary, and as a consequence can accommodate
a large W ′-t-d coupling, while having the remaining entries tuned to evade, e.g., the
strong bounds coming from meson mixing.
3.2 Bounds on the W -W ′ mixing angle θˆ
The main constraints on the W -W ′ mixing angle θˆ come from EWPT and from semilep-
tonic u → d and u → s transitions. The W -W ′ mixing term in (2.3) breaks custodial
symmetry, and is therefore strongly constrained by EWPT. A recent electroweak fit
(including LEP2 data) performed in Ref. [8] gives at 95% CL∣∣∣gH
M
∣∣∣ < 0.11 TeV−1 . (3.3)
We have checked that, as already remarked in Ref. [8], this constraint is essentially due
to the negative contribution the W -W ′ mixing gives to the T parameter: the leading
term in the v2/M2 expansion reads
TˆV = − ∆
4
M2m2
Wˆ
. (3.4)
The LEP2 lower limit on the Higgs mass thus forces such a contribution to be very
small. The bound (3.3) was in fact computed in Ref. [8] leaving the Higgs mass as a
free fit parameter, and including data from direct Higgs searches at LEP2. The results
of our study depend very weakly on the mass of the Higgs, as long as it is light. We can
translate Eq. (3.3) into an upper bound on θˆ: the resulting limit becomes stronger when
the mass of the W ′ is increased, and varies from |θˆ| . 4× 10−3 for MW ′ = 300 GeV to
|θˆ| . 5× 10−4 for MW ′ = 2 TeV.
A bound on the mixing angle θˆ of different origin comes from the precise low-energy
measurement of u → d and u → s transitions (i.e. from the measurements of the
corresponding entries of the CKM matrix). Integrating out both the W and the W ′,
we obtain a four-fermion effective Lagrangian that can be used to compute constraints
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from such measurements. The operators relevant to semileptonic processes, which give
the strongest bounds, are
Leff = −4GF√
2
u γµ
[
(1 + L)VCKMPL + RVRPR
]
d (`Lγµν
`
L) + h.c. , (3.5)
where, neglecting O(v4/M4W ′) terms, L = 0 and R = gq θˆ/g. In Ref. [35] the bound
R Re(V
ud
R ) = (0.1±1.3)×10−3 was obtained, which assuming small CP phases implies
at 95% CL
− 2× 10−3 < RV udR < 3× 10−3 . (3.6)
On the other hand, such bound is strongly relaxed if CP phases in VR are large: in the
limit of maximal CP phases, only a milder second-order constraint survives, leading
(assuming V udR ≈ 1) roughly to |R| < 10−(2 – 1), as discussed in Ref. [25].
By making use of soft-pion theorems, constraints from nonleptonic processes such
as K → 2pi and K → 3pi were also computed [36, 37]. However, such bounds were
obtained neglecting long distance chiral loop effects, which are known to be important
and can offset tree-level results. Therefore, we do not consider such constraints in the
following.
3.3 Bounds from trilinear gauge couplings
The WWV0 vertex (V0 = γ, Z) can be described, assuming C- and P- conservation, by
an effective Lagrangian containing 6 parameters (see for example Ref. [38]):
LWWV0eff = igWWV0
[
gV01 V
µ
0 (W
−
µνW
+ν −W+µνW−ν) + kV0W+µ W−ν V µν0 +
λV0
m2W
V µν0 W
+ρ
ν W
−
ρµ
]
where gWWγ = e, gWWZ = g cos θw, and the SM values of the parameters are given by
gγ,Z1 = κγ,Z = 1 and λγ,Z = 0. Assuming SU(2)L×U(1)Y gauge invariance reduces the
number of independent parameters to three, which can be taken to be ∆gZ1 ≡ gZ1 − 1,
∆kγ ≡ kγ−1, and λγ. In the case under discussion, the expressions of these parameters
read
∆gZ1 = − sin2 θˆ(1 + tan2 θw) , ∆kγ = − sin2 θˆ(1 + cB) , λγ = 0 . (3.7)
Thus we can use the fits to LEP2 data performed by the LEP experiments [39–43]
letting ∆gZ1 ,∆kγ free to vary while keeping fixed λγ = 0, to constrain the values of our
model parameters (cB, θˆ). By combining this limit with the upper bound on the mixing
angle θˆ presented in the previous subsection, we can in principle constrain cB. However,
since as discussed above the mixing angle is required to be very small, in practice TGC
constrain only extremely weakly the value of cB. For example, using the analysis
– 10 –
0.0 0.5 1.0 1.5 2.0 2.5
0.00
0.05
0.10
0.15
gqg
G
W
'
M
W
'
MW '= 1.5 TeV
MW '= 300 GeV
ud
tb
WΓWh
WZ
{Ν
500 1000 1500 2000
10-6
10-5
10-4
10-3
10-2
10-1
1
MW ' HGeVL
B
R
Figure 1. Left panel. W ′ width over mass ratio as a function of gq/g for negligible mixing,
θˆ ≈ 0, for MW ′ = 300 GeV (dashed, red) and 1.5 TeV (blue). Right panel. Branching ratios
of the W ′ as a function of its mass, for the following choice of the remaining parameters:
gq = g, θˆ = 10
−3, cB = −3, g4 = g. From top to bottom: ud, tb, WZ, Wh, Wγ, `ν (the
latter includes all the three lepton families).
performed by the DELPHI Collaboration [39], we find that even considering a very
large mixing angle |θˆ| ∼ 10−1, the wide range −11 < cB < 20 (i.e. −3.9 < gB < 7.1) is
allowed by TGC measurements at 95% CL.
4 Bounds from Tevatron direct searches
Data collected by the CDF and D0 experiments at the Tevatron in the dijet and tb
final states4 can be used to set an upper limit on the coupling to quarks of the W ′ we
are discussing as a function of its mass. In this section, we assume negligible W -W ′
mixing, θˆ ≈ 0, so the only relevant parameters are the W ′ mass and the coupling gq,
and we obtain an upper bound on gq as a function of MW ′ . If W -W
′ mixing happens
to be sizable, then the branching ratio into quarks is reduced, and the upper bound on
gq gets relaxed accordingly. For instance, taking the relatively large value θˆ = 10
−2,
the upper bound on gq is relaxed by approximately 10% for MW ′ & 1 TeV, and less for
lighter W ′. The dependence of the ratio ΓW ′/MW ′ on the coupling gq is plotted in the
left panel of Fig. 1, while the branching ratios as functions of MW ′ are shown in the
right panel of the same figure, for representative values of the parameters.
Unless explicitly noted, we take the latest average value of the top mass, namely
mt = 173.3 GeV [44], and make use of the CTEQ6L set of parton distribution functions
[45]. Cross sections are computed using the CalcHEP matrix element generator [46, 47].
4By tb we will always mean the sum tb+ tb.
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Figure 2. Left panel. The region of the (MW ′ , gq/g) plane excluded at 95% CL by Tevatron
searches in the dijet final state (red region extending up to 1.4 TeV) and tb final state (blue
region extending up to 950 GeV). The dashed lines correspond to exclusion limits computed
assuming σ ∝ g2q , see text for details. Also shown in grey is the region excluded at 95% CL
by CMS dijet searches, see Section 5.1. Right panel. Upper limit from tb searches on the W ′
coupling to quarks as a function of MW ′ , obtained using cross sections at LO (dashed) and
at NLO (continuous) as reported in Ref. [49]. The scaling behaviour σ ∝ g2q was assumed.
4.1 Dijet final state
Searches for resonances in the invariant mass spectrum of dijet events at CDF and D0
are sensitive to the W ′ we are discussing, which decays into quarks with branching
ratio close to unity. The most recent dijet search, based on 1.13 fb−1 of data, has
been performed by the CDF collaboration [48]. Since no discrepancy with the SM
prediction was observed, upper limits on the product σ(pp → W ′ → jj) × A, where
A is the geometrical acceptance for having both jets with |y| < 1, have been set in
Ref. [48] for several types of resonance, including a W ′. Therefore, we can compute
σ(pp→ W ′ → jj)×A using our phenomenological Lagrangian, and extract an upper
bound on gq for each value of MW ′ , which is reported in the left panel of Fig. 2. We use
cross sections at Leading Order (LO). The acceptance A is 36% at MW ′ = 300 GeV,
reaches a maximum of 51% for MW ′ ∼ 800 GeV, and decreases for larger masses, being
34% at 1.4 TeV. The decreasing behavior of the acceptance at high resonance masses
is due to a threshold effect: for a W ′ mass around 1 TeV and above (that is, close to
the kinematic limit of the Tevatron, which has a center of mass energy of 1.96 TeV),
the probability that the on-shell production condition x1x2 ≈ M2W ′/s is satisfied is
so small that the off-shell contribution to the pp → W ′ → jj cross section becomes
relevant, making the acceptance behave differently from what we would naively expect
for an on-shell production mechanism. To make the relevance of this threshold effect
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more manifest, we also plot the upper bound on the coupling obtained by rescaling, for
each value of MW ′ , the value of σ × A computed for gq = g according to the relation
σ × A ∝ g2q , which holds exactly in the Narrow Width Approximation (NWA). It is
evident that while for masses below approximately 800 GeV the NWA (pure on-shell
production) provides an excellent description of the dijet resonant production, for a
larger mass of the resonance the NWA is not reliable anymore. Because of these relevant
off-shell effects, we prefer to avoid using the notation σ(W ′)× BR(W ′ → jj).
The method we use to compute limits is valid for a resonance width smaller than
the dijet energy resolution, which for the CDF experiment is of the order of 10% of the
dijet mass. The W ′ we are studying has a width of ∼ 10% of its mass for gq ∼ 2g, as
can be read off the left panel in Fig. 1; for larger couplings, the resonance width cannot
be neglected, and the analysis would need to be corrected for this effect.
4.2 tb final state
Another final state which is relevant to our model is tb. The CDF and D0 collaborations
have searched for narrow resonances decaying into tb, with the W coming from the top
decaying into a lepton and missing transverse energy. The most recent search from
CDF is based on 1.9 fb−1 of data [50], whereas D0 has carried out a similar analysis
with 0.9 fb−1 [51]5. Both analyses give as result upper limits on σ(pp→ W ′ → tb), so
we can compute the latter quantity using our phenomenological Lagrangian to extract
an upper bound on gq for each value of the W
′ mass. The strongest constraints are
given by the CDF analysis, and in the left panel of Fig. 2 we compare them with
the dijet limits discussed in the previous subsection. Analogously to what happened
for the dijet final state, for MW ′ & 800 GeV threshold effects become relevant, and
correspondingly the upper limit on gq computed assuming the NWA relation σ ∝ g2q
differs from the correct limit.
4.2.1 Comparison of LO and NLO tb limits
We have carried out our analysis at LO. However, for illustration purposes, it is useful
to compare in Fig. 2 the upper bound on gq from tb searches computed using cross
sections at NLO and at LO, both as given in Ref. [49]. Since in the latter paper all
cross sections were computed for gq = g, we assume the relation σ(pp→ W ′ → tb) ∝ g2q ,
5The latest D0 analysis is based on 2.3 fb−1 of data [52]. However, unfolding of the cross section
limits, which is necessary to interpret them in our framework, was performed by the D0 collaboration
only after completion of this work. Therefore the bounds from Ref. [52] are not included here. We
expect that they will be slightly more stringent than those presented in Fig. 2.
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which is exact in the NWA6, to extract the upper bound on the coupling. Notice that
the dependence on MW ′ of the NLO upper bound on gq differs significantly from those
reported by the CDF and D0 collaborations in Refs. [50] and [51] respectively: this
is due to the wrong assumption made there, that the cross section is proportional to
the fourth power of the coupling. We remark that the upper limits shown in the right
panel of Fig. 2 are obtained assuming mt = 175 GeV and VR = VCKM (see Ref. [49]);
even though the difference is at the level of a few percent, for the sake of consistency
in what follows we will use the limits computed with mt = 173.3 GeV and VR = 1, and
reported in the left panel of Fig. 2.
5 LHC phenomenology
In this section we discuss the reach of the early LHC on the composite W ′ we are
studying. We analyse first the prospects for discovery of the resonance as an excess of
events in the dijet invariant mass spectrum, and subsequently move on to discuss decays
into two gauge bosons. We study first the W ′ → Wγ decay, which is of special interest
since it is strongly suppressed in gauge models. As a consequence, its observation would
be a hint of the compositeness of the W ′. Finally, we discuss the W ′ → WZ channel.
5.1 Dijet searches
The search for resonances in the dijet mass spectrum is one of the first new physics
analyses performed by the CMS [53] and ATLAS [54, 55] experiments at the LHC, with
an integrated luminosity of 2.9 and 3.1 pb−1 respectively at 7 TeV. Due to the very
small data sample analysed so far, such searches are not competitive yet with those
performed at the Tevatron: from Fig. 2 we see that only in a very narrow interval
around MW ′ ∼ 500 GeV does the CMS search place a meaningful (even if weaker
than the Tevatron one) upper limit on the W ′ coupling to quarks. For larger masses,
the CMS upper bound on the W ′ cross section is saturated for values of the coupling
gq > 2g, which implies that the width of the resonance is larger than the dijet mass
resolution, and as a consequence the experimental analysis would need to be modified
to account for a broad resonance. We use the CMS results because their limits were
computed also for resonances decaying into a qq final state, while the ATLAS analysis
only assumes a resonance decaying into the final state qg, which leads to more radiation
and as a consequence to a broader resonance shape, which has an effect on the cross
section limits.
6We stress, however, that deviations from the NWA, and as a consequence from the σ ∝ g2q
behaviour, arise due to off-shell effects for MW ′ & 800 GeV, as already discussed in the previous
paragraph.
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Future LHC analyses, however, will soon overtake the Tevatron results, so it is
interesting to discuss the reach of dijet searches on the W ′ we are considering. We as-
sume the CMS kinematic cuts, namely on the pseudorapidity |η| < 2.5 of each jet, and
on the pseudorapidity difference |∆η| < 1.3 [53]. For values of MW ′ between 300 GeV
and 2.6 TeV, in intervals of 100 GeV, we compute as a function of the coupling gq the
integral of the signal differential invariant mass distribution dσS/dMjj over the region
Mjj > MW ′(1−/2), and compare the result with the integral of the background distri-
bution over the same range, to obtain 5σ discovery and 95% CL exclusion contours in
the (MW ′ , gq/g) plane. Here  is the dijet mass resolution, which following Ref. [53] we
assume to vary from 8% at MW ′ = 500 GeV to 5% at 2.5 TeV. The results are shown in
Fig. 3 for three different integrated luminosities, namely L =
∫ L = 0.1, 1, 5 fb−1, and
for two LHC center of mass energies, namely 7 and 8 TeV7. We find that 100 pb−1
are not sufficient for a discovery, even at 8 TeV (except perhaps for a very small
region around MW ′ = 1 TeV). On the other hand, if we focus on the exclusion con-
tours, we see that the LHC can do better than the Tevatron already with 100 pb−1
for MW ′ & 700 GeV, and for essentially all W ′ masses if the luminosity is increased to
1 fb−1. We also report in Fig. 4, as a function of MW ′ , the integrated luminosity needed
for discovery or exclusion of a W ′ with coupling to quarks equal to that of the SM
W (gq = g), both for the 7 and 8 TeV LHC.
We choose to compare the integrals over Mjj > MW ′(1 − /2) of the signal and
background differential dijet mass distributions rather than their integrals in a finite
interval centered on the W ′ mass, because the former method is less sensitive to smear-
ing effects generated by hadronization and jet reconstruction, which we cannot take
into account in our parton-level analysis. In this way, we expect our estimate of the
reach of the early LHC to be closer to the actual experimental results than it would be
if we compared signal and background in an interval centered around the W ′ mass.
In addition to those in the dijet final state, also LHC searches in the tb channel
will be of course relevant to the W ′ we are studying. We do not discuss them here, and
refer the reader to the recent, extensive analysis of Ref. [21].
5.2 Search for the W ′ → Wγ decay
We now move on to consider decay channels of the W ′ which have partial widths
proportional to the W -W ′ mixing angle θˆ. These include WZ, Wh and Wγ final
states. We will focus first on the last channel, which is of special interest since it is
very suppressed in the gauge models containing a (1,1)1 W
′, such as for instance LR
7It has recently been decided that the LHC will run at 7 TeV in 2011. However, a higher energy
for 2012 cannot be excluded at the time of writing [56].
– 15 –
100 pb-1
5 fb-1
1 fb-1
Tevatron jj 
Tevatron tb
LHC jj
Excl. by
Excl. by
Excl. by
400 600 800 1000 1200 1400 1600 1800
0.0
0.5
1.0
1.5
2.0
MW ' HGeVL
g q
g
LHC 5Σ discovery
5 fb-1
1 fb-1
100 pb-1
Tevatron jj
Tevatron tb
LHC jj
Excl. by
Excl. by
Excl. by
500 1000 1500 2000 2500
0.0
0.5
1.0
1.5
2.0
MW ' HGeVL
g q
g
LHC 95% CL exclusion
Figure 3. Contours in the (MW ′ , gq/g) plane for 5σ discovery (left) and 95% CL exclusion
(right) at the 7 TeV and 8 TeV LHC, for an integrated luminosity of L = 0.1, 1 and 5 fb−1,
corresponding to the continuous, dashed and dotted lines, respectively (for each different
dashing, the upper, purple line is for 7 TeV and the lower, green line is for 8 TeV). Also
shown are the Tevatron dijet (red) and tb (blue) exclusions, together with the CMS exclusion
with 2.9 pb−1 (grey).
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Figure 4. Integrated luminosity needed for 5σ discovery (left) and 95% CL exclusion (right)
as a function of the W ′ mass, for the 7 TeV (continuous) and 8 TeV (dashed) LHC. The
region shaded in grey, corresponding to MW ′ < 913 GeV, is excluded at 95% CL by Tevatron
searches.
models. Therefore, observation of W ′ → Wγ would point to a composite nature of the
W ′. The partial width for decay into Wγ reads
Γ(W ′ → Wγ) = e
2
96pi
(cB + 1)
2 sin2 θˆ cos2 θˆ
(
1− M
2
W
M2W ′
)3(
1 +
M2W ′
M2W
)
MW ′ . (5.1)
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Since the width for decay into this channel is controlled by θˆ and cB, it is interesting to
estimate which values of these parameters will be accessible to the LHC in its first run.
To assess the discovery potential, we choose two benchmark values for the W ′ mass,
namely 800 and 1200 GeV, and we assume two representative values of the integrated
luminosity, namely 1 and 5 fb−1, at a center of mass energy of 7 TeV. We set the
coupling to quarks to gq = 0.84 (1.48)g for MW ′ = 800 (1200) GeV, that is, to the
largest value allowed by Tevatron jj and tb searches (see Fig. 2). Notice that the
upper limit on gq from Tevatron searches in quark final states was computed for θˆ = 0;
when the mixing is introduced, the bound on the coupling weakens, due to the smaller
branching ratio of the resonance into quarks.
A direct constraint on the mixing angle θˆ comes from the non-observation of res-
onances decaying into WZ in a search performed by the D0 collaboration [57]: we
take such constraint into account in our analysis for the Wγ final state. On the other
hand, the CDF Collaboration has performed a search in the `γE/ T (` = e, µ) final state
[58], without observing any discrepancies with the SM prediction. Also the constraints
coming from this channel were taken into account; however, they turn out to be less
stringent than those obtained from the WZ channel, because of the smaller dataset
analyzed.
We select decays of the W into an electron and a neutrino, and apply the following
cuts on the eγE/ T final state: p
γ
T > 250 (400) GeV, p
e
T > 50 GeV, E/ T > 50 GeV,
|ηe,γ| < 2.5, and |M(Wγ) − MW ′ | < 0.05 (0.10)MW ′ , for MW ′ = 800 (1200) GeV.
We note that, even though the neutrino longitudinal momentum p νz is not measured
experimentally, it can be reconstructed by imposing that the lepton and neutrino come
from an on-shell W : a quadratic equation for p νz is thus obtained. It follows that a
criterion must be chosen to unfold this ambiguity. The assessment of the effects of
such choice on the cuts on E/ T and on the total invariant mass M(Wγ) goes beyond
the scope of this work, and we leave it to the experimental collaborations8. We neglect
the interference between W and W ′, which is due to the O(θˆ) coupling of W ′ to left-
handed quark currents. The main background process is the SM Wγ production,
which we include in our analysis, while we leave out the W + j production with the
jet misidentified as a photon. We have checked that applying the rejection factor for
misidentification into a γ of very high-pT jets, which is of the order of 5× 103 if photon
identification and isolation cuts are applied (see, e.g., Ref. [59]), the W + j background
contribution is roughly one order of magnitude smaller than the irreducible Wγ process.
This estimate suffers from the fact that we are not including NLO corrections to W +j,
8In this regard, we also note that, at the detector level, fluctuations in the measured E/ T can lead
to events where no solution for p νz can be found even though the lepton and neutrino come from the
decay of a W (see, e.g., the section on top quark mass measurements in Ref. [59]).
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Figure 5. Invariant mass (left) and photon pT (right) distributions for the W
′ →Wγ → eνγ
signal and for the irreducible background. The values of the couplings are as follows:
gq = 0.84g and θˆ = 10
−2 for MW ′ = 800 GeV, and gq = 1.48g and θˆ = 4 × 10−2 for
MW ′ = 1.2 TeV.
and from the fact that requiring photon identification and isolation has an efficiency of
∼ 80% on ‘real’ photons [59], which would slightly reduce the number of signal events
detected. Other possibly relevant instrumental backgrounds that we do not include in
our exploratory study are eeE/ T with e misidentified as a photon, and QCD jets faking
e + E/ T . We leave the proper treatment of such detector-dependent backgrounds to
the experimental analyses; we just note that doubling the statistics by including also
the W → µν channel would help in balancing the sensitivity loss, in case the sum of
instrumental backgrounds – such as those mentioned above – happened to be of the
same order of magnitude of the irreducible Wγ background (for example, in the D0
`γE/ T search, the total background was estimated to be roughly twice as large as the
irreducible Wγ, see Ref. [58]).
In Fig. 5, we show the distributions of the reconstructed invariant mass of the W ′
and of the pT of the photon, compared to the SM Wγ background. We stress that ex-
perimentally, reconstruction of the longitudinal component of the neutrino momentum
by imposing the on-shell condition for the W will have an impact on the resolution of
the W ′ invariant mass. From the invariant mass distribution, it is also evident that for
the values of the parameters chosen, the W ′ of mass 1.2 TeV has a quite large width,
which motivated the use of a broader cut around the peak, as discussed above. While
the number of events predicted at the early LHC is clearly small, these distributions
can be used as a guideline also for searches at higher integrated luminositites, after
rescaling cross section to higher LHC center of mass energy.
Our main results are shown in Fig. 6. As can be read off the left side of the
figure, for MW ′ = 800 GeV, assuming cB = 5 (which corresponds to gB = 5g
′ ∼ 1.8),
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cB + 1 Ns Nbckgr Nσ cB + 1 Ns Nbckgr Nσ
0.6 57 102 5.7 0.4 34 45 5.0
0.5 40 102 4.0 0.3 23 45 3.4
0.4 26 102 2.6 0.2 9 45 1.5
Table 1. Sensitivity on cB at the 14 TeV LHC with 300 fb
−1, for MW ′ = 800 GeV, gq = 0.84g
and θˆ = 10−2 (left), and for MW ′ = 1.2 TeV, gq = 1.48g and θˆ = 4× 10−2 (right).
the interval 5× 10−3 < θˆ < 1.25× 10−2 is accessible for a discovery with 5 fb−1. Such
values of θˆ, while being excluded by EWPT if we assume the W ′ is the only new physics
contributing to precision data (see the discussion after Eq. (3.4)), are however allowed
by u→ d and u→ s transitions if the CP phases are not small. It is conceivable that
a positive contribution to the T parameter coming from additional new physics (such
as, for example, a heavy neutral spin-1 state) relaxes the bound from EWPT, allowing
for such relatively large values of θˆ. On the other hand, from the right side of Fig. 6 we
see that setting the mixing angle to the value θˆ = 10−2, discovery of a W ′ with mass
800 GeV is possible with 5 fb−1 for cB & 2, which corresponds to a moderate value
of the coupling gB ∼ 0.7. The prospects for a heavier MW ′ = 1200 GeV are similar,
except that in this case there is no relevant bound from Tevatron searches.
For illustrative purposes, we also give in Table 1 an estimate of the sensitivity on
cB for the 14 TeV LHC with 300 fb
−1 luminosity. Background events are due to the
irreducible SM Wγ process only. Cuts on the final state kinematics are the same as for
the early LHC case discussed above.
Clearly, it is very interesting to understand what are the predictions for the strength
of the W ′Wγ coupling in extensions of the SM. In Ref. [60] it was shown that the
gyromagnetic ratio of any elementary particle of mass M (of any spin) coupled to the
photon has to take the value g = 2, which can be equivalently written as cB = −1 in
our effective language, in order for perturbative unitarity to be preserved up to energies
E  M/e. As a consequence, in any gauge extension of the SM, where the W ′ is the
fundamental gauge boson of some extra symmetry, g = 2 has to be expected, since
unitarity is preserved up to much larger scales. Indeed, in the ‘minimal’ gauge model
containing an isosinglet W ′, namely a LR model (see App. C for the notation), we find
that cB = −1 at the renormalizable level. Including dimension-6 operators, we expect
cB = −1 +O(v2R/Λ2), where Λ is the cut-off of the LR model. Therefore, cB ≈ −1 will
still hold, and observation of W ′ → Wγ is likely to be out of the reach of the LHC.
On the other hand, if the W ′ is a composite state of some new strong interaction,
then the requirement of preservation of perturbative unitarity is relaxed, and significant
departures from cB = −1 can be envisaged. The only condition that needs to be
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Figure 6. ‘5σ’ discovery prospects of the 7 TeV LHC for the W ′ → Wγ → eνγ process,
for MW ′ = 800 GeV, gq = 0.84g (top row) and MW ′ = 1200 GeV, gq = 1.48g (bottom).
Nevents is the number of signal events after applying the cuts described in the text. The
red curves show the expected number of events as a function of the parameters of our phe-
nomenological Lagrangian, whereas the blue flat lines represent the number of events needed
for a 5σ discovery, taking into account the SM background. The signal cross sections, after
all cuts, are simply given by σS = Nevents/L; the background cross sections after all cuts are
σB (MW ′ = 800, 1200 GeV) = (9.6, 2.7) × 10−2 fb. The region shaded in grey is excluded at
95% CL by Tevatron searches for resonances decaying into WZ.
satisfied even in the composite case is that the scale of violation of perturbative unitarity
be sufficiently larger than the W ′ mass. To verify that this is indeed the case, and since
cB only appears in the BV V vertex (see Eq. (2.3)), where B is the hypercharge gauge
boson and V is the extra vector, we compute the amplitude for BB → V V scattering.
The two independent amplitudes that grow the most with energy are B+B± → VLVL,
where B± are the two transverse polarizations of the B, and VL is the longitudinally
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polarized V . The leading term of these amplitudes in the high-energy limit reads
A++→LL ≈ (1− c
2
B)g
′ 2s
2M2
, A+−→LL ≈ (1 + cB)
2g′ 2s
4M2
. (5.2)
Notice that for cB → −1, the dangerous high-energy behavior is removed, as it was
anticipated above. Requiring the amplitudes in Eq. (5.2) not to exceed 16pi2, we find
the cut-off Λ at which perturbative unitarity is lost9, as a function of cB: taking the
maximum value we used in the phenomenological analysis, namely cB = 10, we find
Λ ≈ 5M ; for smaller values of cB, the cut-off is obviously larger. This result guarantees
that we can safely study the phenomenology at scale M with relatively large values of
cB, without encountering any perturbative unitarity violation issues.
We conclude that, since the size of the W ′Wγ coupling is expected to be very small
if the W ′ is a fundamental gauge boson, observation of W ′ → Wγ at the LHC would
be a hint of the composite nature of the W ′.
5.2.1 W ′ → Wγ for a W ′ belonging to an SU(2)L triplet
It would be interesting to understand how the prospects in the search for W ′ → Wγ
change if we consider a W ′ transforming in the (1,3)0 representation, which appears for
example in some Little Higgs models and in models with large extra dimensions (the
effective Lagrangian for such representation can be found in App. B). Even though
the W ′Wγ interaction has the same structure for both the (1,1)1 and the (1,3)0
representations, see Eqs. (2.10b) and (B.7), the results of our LHC study do not
straightforwardly apply to the latter representation by just making the substitution
cB + 1 → (c′B + 1)/(1− g˜2), because of W -W ′ interference effects, which are poten-
tially relevant for the isotriplet W ′ (since it couples significantly to left-handed cur-
rents), and because of the different width (the triplet W ′ also decays into light lep-
tons). Furthermore, present constraints on the triplet W ′ are different (and stronger)
than those for the isosinglet W ′ we consider in this paper. A detailed analysis of the
(1,3)0 W
′ goes beyond the scope of this work.
From a theoretical perspective, in analogy with the isosinglet case, if the SU(2)L
triplet W ′ is a fundamental gauge boson (see App. C for the minimal gauge extension
of the SM that contains such state), then c′B ≈ −1, and observation of the W ′ → Wγ
decay is likely to be out the LHC reach. On the other hand, if the W ′ is a composite
state, significant departures from c′B = −1 are possible.
9Other definitions of the perturbative unitarity bound are possible, and have been used in the
literature. A different choice would simply change the numerical factors appearing in the definition of
the cut-off.
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5.3 Search for W ′ → WZ
We also discuss the W ′ → WZ decay, which is complementary to W ′ → Wγ because,
being the rate for resonant WZ production almost independent of the parameter cB,
its measurement would allow one to estimate the size of the mixing angle θˆ. Since
we consider the early LHC reach, where integrated luminosity will be . 5 fb−1, the
most promising final state is WZ → `E/ T jj, which has a larger rate with respect
to the purely leptonic channel; on the contrary, selecting leptonic decays of the Z
together with a hadronic W has been shown to be less promising [61]. Therefore,
we implement simple cuts on the eνjj final state (we only consider W decays into
an electron, in analogy to what we did for the W ′ → Wγ process) to enhance the
ratio of signal over background, namely: pe,jT > 50 GeV, E/ T > 50 GeV, |ηe,j| < 2.5,
and in addition we require the invariant mass of the dijet system to reconstruct a
Z, |M(jj) −MZ | < 20 GeV. Finally, we select events which have an invariant mass
compatible with MW ′ as follows: |M(eνjj) −MW ′ | < 0.10MW ′ . The background we
consider is the SM pp → eνjj, which includes a large contribution from W + jj. The
tt background can be efficiently reduced to roughly one order of magnitude less than
the QCD background by applying a central jet veto [61], and we do not consider it
here. The invariant mass distributions of signal and background for this channel are
shown in Fig. 7. Our results are shown in Fig. 8 for the same choices of the W ′ mass
and couplings that we already discussed when studying W ′ → Wγ, so that a direct
comparison between the two searches can be made. We can see that with 5 fb−1, a
mixing angle larger than θˆ ≈ 3 – 4× 10−3 is accessible for discovery; this result is to a
good approximation independent of the size of cB. We also notice that the number of
signal events can be sizable, which is the main reason why this channel is more favorable
than the purely leptonic one for limited LHC luminosity. We remark that the size of
the cut on the total invariant mass of eνjj agrees with Ref. [61], where it was chosen
to retain most of the signal in the presence of jet energy smearing. In addition, the cut
we set on the invariant mass of the jj system is even looser than the one adopted in
Ref. [61]. Therefore we believe our results to be reasonably stable with respect to jet
smearing, which was not included in our parton-level analysis.
Finally, we do not discuss W ′ decays into Wh, because the choice of the most
relevant final states is strongly dependent on the Higgs mass, and such a detailed study
goes beyond the scope of this work. We refer the interested reader to Refs. [62, 63] and
to the references cited therein.
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Figure 7. Invariant mass distribution of the eνjj system for the W ′ signal and for the
pp→ eνjj background. The values of the coupling gq are the same as in Fig. 5.
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Figure 8. ‘5σ’ discovery prospects on the mixing angle θˆ via the W ′ → WZ → eνjj
process at the 7 TeV LHC, for MW ′ = 800 GeV, gq = 0.84g (left) and MW ′ = 1200 GeV,
gq = 1.48g (right). The results are almost independent of cB. The interpretation of the
curves is analogous to Fig. 6; after all cuts, the background cross sections are σB (MW ′ =
800, 1200 GeV) = (3.5, 0.73) fb. The region shaded in grey is excluded at 95% CL by Tevatron
searches for resonances decaying into WZ.
6 Summary and conclusions
We have applied an effective approach to study the phenomenology of a heavy W ′
transforming as a singlet under weak isospin. Such a W ′ is very weakly coupled to
light leptons, and is therefore only constrained by ∆F = 2 hadronic processes (mainly
K and B meson mixing) and Tevatron direct searches, provided the W -W ′ mixing
angle θˆ is small enough to evade the important bounds from the oblique T parameter
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and from precision measurements of u → d and u → s semileptonic transitions.10
Furthermore, for suitable choices of the right-handed quark mixing matrix VR, the only
constraints on the coupling of the W ′ to quarks come from Tevatron direct searches.
Therefore, a W ′ with mass even below a TeV and sizable coupling to quarks is allowed
by present data. We have estimated the early LHC reach in the dijet channel on such
a resonance. We have also noted that, if different choices for VR are made, our effective
approach encompasses the class of W ′ with flavor-violating couplings that has been
recently called for as an explanation of the anomaly observed by CDF in the top pair
forward-backward asymmetry.
Subsequently we have discussed the possibility that the W -W ′ mixing angle be
large enough to allow observation of the decays W ′ → Wγ and W ′ → WZ at the early
LHC. We have shown that discovery of these decays is possible for values of θˆ allowed
by semileptonic processes, if the CP phases in VR are not small. Although such values
of θˆ are excluded by EWPT because of the too large negative contribution the W ′
gives to the T parameter, it is conceivable that some additional new physics, such as
for example an additional heavy neutral vector, could relax such constraint.
We have shown that the W ′ → Wγ channel is of significant relevance to gain in-
sight on the nature of the W ′ after a discovery in the dijet (or tb) final state. We have
compared the experimentally accessible values of the parameters (cB, θˆ) to the predic-
tion for the strength of the W ′Wγ coupling both in weakly coupled gauge extensions
of the SM, and in strongly interacting theories where the W ′ is a composite state. We
have shown that observation of W ′ → Wγ at the early LHC would be a hint of the
composite nature of the resonance. We also briefly commented on the relevance of
the decay into Wγ in case the W ′ belongs to a triplet under weak isospin, the other
representation which is commonly encountered in BSM constructions.
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A Partial decay widths
Defining
p =
1
2MW ′
√
M4W ′ +M
4
1 +M
4
2 − 2M2W ′M21 − 2M2W ′M22 − 2M21M22 ,
with M1,2 the masses of the final state particles, the two body widths are given below.
The decay width into a pair of quarks reads
Γ(W ′+ → uidj) = p
2piM2W ′
[
|(v′)ij|2(3
√
m2d + p
2
√
m2u + p
2 + 3mdmu + p
2)
+ |(a′)ij|2(3
√
m2d + p
2
√
m2u + p
2 − 3mdmu + p2)
]
, (A.1)
while the decay width into two leptons, neglecting their masses, is
Γ(W ′+ → νiei) = MW ′
48pi
g2 sin2 θˆ .
The width for decay into a W and a photon is reported in Eq. (5.1), whereas for decay
into a W and a Higgs we find
Γ(W ′ → Wh) = p
8piM2W ′
v2
3
K2
(
3 +
p2
M2W
)
, (A.2)
where
K =
g24 − g2
2
sin θˆ cos θˆ +
gHg√
2
(cos2 θˆ − sin2 θˆ) .
Finally,
Γ(W ′ → WZ) = p
8piM2W ′
g2 cos2 θw
3
sin2 θˆ cos2 θˆ × T (M2W ′ ,M2Z ,M2W ; cB) , (A.3)
where
T (M2W ′ ,M2Z ,M2W ; cB) =
1
M2WM
2
Z
p2
{
tan2 θw
[
tan2 θw
[
c2BM
2
Z(4EWEZ + 3M
2
Z + 4p
2)
+ 6MW ′(EW + EZ)(−cBM2Z +M2W ) +M2W (2(−cB(−2cB + 3) + 2)M2Z + 4EWEZ + 4p2)
+M2W ′(2EWEZ + 3M
2
W + 3M
2
Z + 2p
2) + 3M4W
]
+ 2
[
3MW ′(EW + EZ)((−cB + 1)M2Z
+ 2M2W ) +M
2
W (7(−cB + 1)M2Z + 4EWEZ + 4p2)− cBM2Z(4EWEZ + 3M2Z + 4p2)
+M2W ′(2EWEZ + 3M
2
W + 3M
2
Z + 2p
2) + 3M4W
]]
+M2W ′
[
2(EWEZ + p
2) + 3M2W
+ 3M2Z
]
+ 6MW ′(EW + EZ)(M
2
W +M
2
Z) + 2M
2
W
[
2(EWEZ + p
2) + 7M2Z
]
+M2Z
[
4(EWEZ + p
2) + 3M2Z
]
+ 3M4W
}
,
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and EW,Z ≡
√
M2W,Z + p
2. In the limit MW ′ MW,Z , this simplifies to
T (M2W ′ M2W,Z) ≈
M6W ′
4M2ZM
2
W
(1 + tan2 θw)
2 ,
which is independent of cB.
B Effective Lagrangian for the (1,3)0 representation
The effective Lagrangian for an SU(2)L triplet reads:
L = LSM + LV + LV−SM , (B.1)
where LSM is the SM Lagrangian, while
LV = −1
4
V µν aV aµν +
1
2
M2V aµ V
µa (B.2)
with V µν a = ∂µV ν a − ∂νV µa + gabc(Wˆ bµV cν − Wˆ bνV cµ ). On the other hand,
LV−SM = c′B
g
2
abcWˆ aµνV
µ bV ν c + gV 
abcV aµνV
µ bV ν c +
g′ 24
4
V aµ V
µa|H|2 + g˜
2
V µν aWˆ aµν
+ V aµ (g
l
V )ijl
i
Lγ
µσ
a
2
ljL + V
a
µ (g
q
V )ijq
i
Lγ
µσ
a
2
qjL + (iV
a
µ g
′
HH
†σ
a
2
DµH + h.c.) , (B.3)
where Wˆ µν a = ∂µWˆ ν a − ∂νWˆ µa + gabcWˆ µ bWˆ ν c . We denote with a hat the SU(2)L
gauge bosons in this basis. Similarly to the (1,1)1 case, we neglect operators that
would only contribute to quartic interactions of spin-1 fields. The kinetic terms are
made canonic by means of the following transformation:(
Wˆ
V
)
=
1 g˜√1−g˜2
0 1√
1−g˜2
(W¯
V¯
)
. (B.4)
After performing the transformation (B.4) on the Lagrangian, the neutral and charged
mass matrices are diagonalized by the following transformations:W¯ 3B
V¯ 3
 =
sin θw cos θw 0cos θw − sin θw 0
0 0 1
1 0 00 cos θn − sin θn
0 sin θn cos θn
AZ
Z ′
 , (B.5)
(
W¯+
V¯ +
)
=
(
cos θc − sin θc
sin θc cos θc
)(
W+
W ′+
)
. (B.6)
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Here θw is as usual the weak mixing angle, whereas θn, θc are the Z-Z
′ and W -W ′
mixing angles respectively. Their expressions read
tan(2θn) =
2∆2
Z¯V¯ 3
M2
Z¯
−M2
V¯ 3
, tan(2θc) =
2∆2
W¯+V¯ −
M2
W¯+
−M2
V¯ +
,
where
M2V¯ 3 = M
2
V¯ + =
1
1− g˜2
(
M2 +
v2g′ 24
4
+
v2gg˜(2gH + gg˜)
4
)
,
∆2Z¯V¯ 3 =
√
g2 + g′ 2(gH + gg˜)v2
4
√
1− g˜2 , ∆
2
W¯+V¯ − =
g(gH + gg˜)v
2
4
√
1− g˜2 ,
and M2
Z¯
= (1/4)(g2 + g′ 2)v2 , M2
W¯+
= (1/4)g2v2 .
Once we write the Lagrangian in the mass eigenstate basis, the W ′Wγ interaction
reads
− ie sin θc cos θcF µν(W+µ W ′ −ν +W−ν W ′+µ )
(
1 + c′B
1− g˜2
)
. (B.7)
If the W ′ is a gauge boson, then c′B = −1 at the renormalizable level. This is completely
analogous to what we discussed for a W ′ in the (1,1)1 representation.
C Minimal gauge models containing a (1,1)1 or (1,3)0 W
′
In this appendix we set the notation for the ‘minimal’ gauge models which contain in
their spectrum an isosinglet or isotriplet W ′, namely LR models and models based on
SU(2)1 × SU(2)2 × U(1)Y , respectively. It is easy to verify that in both cases, the
W ′Wγ vertex is vanishing at the renormalizable level, as it is expected in general in
gauge models (see the discussion in Section 5.2).
C.1 SU(2)L × SU(2)R × U(1)B−L model
We consider an ‘asymmetric’ LR model, based on the group SU(2)L×SU(2)R×U(1)X ,
X = (B − L)/2, which is the simplest gauge extension of the SM containing a vector
in the (1,1)1 representation. By asymmetric, we mean that we do not assume any
discrete symmetry relating the left and right sectors: in particular, gR 6= gL in general.
The breaking SU(2)R × U(1)B−L → U(1)Y is realized by a doublet11 HR ∼ (1, 2, 1/2),
with vev
〈HR〉 = 1√
2
(
0
vR
)
.
11We employ the notation (SU(2)L, SU(2)R, (B − L)/2) to label the representation.
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The hypercharge coupling is identified as 1/g′ 2 = 1/g2R + 1/g
2
X . Electroweak symmetry
is broken by a bi-doublet Φ ∼ (2, 2, 0), and we also consider a doublet HL ∼ (2, 1, 1/2).
With a generic Higgs potential, the vevs of these fields can be written as
〈Φ〉 =
(
k 0
0 k′eiα1
)
, 〈HL〉 = 1√
2
(
0
vLe
iα2
)
.
In the charged sector, the vev of Φ generates a mass mixing between WL and WR,(
W+L
W+R
)
=
(
cos ξ − sin ξ
eiα1 sin ξ eiα1 cos ξ
)(
W+
W ′+
)
,
with ξ ∼ kk′/v2R. In the neutral sector, diagonalization of the mass matrix is obtained
through the rotation (we take for simplicity the limit vL → 0)W 3LW 3R
X
 =
1 0 00 cos θR sin θR
0 − sin θR cos θR
sin θw 0 cos θw0 1 0
cos θw 0 − sin θw
1 0 00 cosφ − sinφ
0 sinφ cosφ
AZ ′
Z
 ,
(C.1)
where tan θR = gX/gR, tan θw = g
′/g, and φ ∼ v2/v2R (v2 = 2(k2 + k′ 2)).
C.2 SU(2)1 × SU(2)2 × U(1)Y model
We consider a model based on the gauge group SU(2)1×SU(2)2×U(1)Y [64], which is
the simplest gauge extension of the SM containing a vector in the (1,3)0 representation.
The SU(2)1 × SU(2)2 symmetry is broken to the diagonal subgroup by the vev of a
bi-doublet ∆ ∼ (2, 2, 0)
〈∆〉 =
(
f 0
0 f
)
.
The SU(2)L gauge coupling is given by 1/g
2 = 1/g21 + 1/g
2
2. EWSB is accomplished by
a doublet H1 ∼ (2, 1, 1/2) with vev
〈H1〉 = 1√
2
(
0
v
)
.
The neutral mass matrix is diagonalized by the transformationW 31W 32
B
 =
cos θL − sin θL 0sin θL cos θL 0
0 0 1
sin θw 0 cos θw0 1 0
cos θw 0 − sin θw
1 0 00 cos θ′ − sin θ′
0 sin θ′ cos θ′
AZ ′
Z
 ,
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where tan θL = g1/g2, tan θw = g
′/g and θ′ ∼ v2/f 2 is the Z-Z ′ mixing angle. On the
other hand, mass mixing in the charged sector is diagonalized by the rotation(
W+1
W+2
)
=
(
cosα − sinα
sinα cosα
)(
W+
W ′+
)
,
where α ≡ θL + θc, with θc ∼ v2/f 2.
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